Epithelial attachment to the basement membrane (BM) is essential for mammary 29 gland development, yet the exact roles of specific BM components remain unclear. 30
INTRODUCTION 48 49
The mammary gland is composed of a stroma-embedded epithelial network that 50 undertakes the highly specialized function of milk secretion. Postnatal 51 development of the mammary tissue occurs by branching and elongation of the 52 epithelium into mammary stroma at the onset of puberty (Macias and Hinck 2012 ; 53
Paine and Lewis 2017). Thereafter, the mammary gland is characterized by 54 extensive proliferation, remodeling and apoptosis during the cycles of pregnancy 55 and involution, which can occur multiple times throughout the reproductive 56 ;K8-CreERT2 mice with tamoxifen, and analyzed glands at 6 or 8 weeks 159 of age (Fig 2a, Fig S2a) . Lama5 deletion in luminal MECs lead to delayed 160 development of the mammary epithelium (Fig 2b) , accompanied with diminished 161 TEB structures (Fig 2c) . In addition to the reduced TEB size, also the number of 162
TEBs was reduced in mice with either heterozygous or homozygous Lama5 163 deletion (Fig 2d) . Correspondingly, total number of ductal ends and the extent of 164 the epithelial network were also significantly reduced two weeks later at 8-weeks 165 (Fig 2e-f, S2b ). However, when Lama5 was deleted in mature glands of 8-week 166 old mice and analyzed at 12-weeks of age, no difference in the ductal end number 167 was observed (Fig S2c) . This data suggests that while Lama5 is required for the7 mammary epithelium growth and morphogenesis during pubertal remodeling, loss 169 of Lama5 in adult mammary glands has little effect during homeostasis. proximal and distal ducts, indicating that Lama5-deficient cells did contribute to the 178 blunted epithelial growth (Fig 2g-h ratios with a significant increase in luminal MECs (Fig 2j-k (Inman et al. 2015) . We deleted Lama5 in luminal cells of 8-week 207 old female mice 1-2 weeks prior to pregnancy, and analyzed glands 17.5 days post 208 coitum (dpc; Fig 3a) . Alveolar development was dramatically reduced in Lama5 209 deficient glands as evidenced by fewer and smaller alveoli compared to control 210 glands (Fig 3a-b) . Moreover, Lama5-deficient alveoli failed to form round and 211 distinct lumen containing structures, and instead formed aggregates of luminal 212 cells with marked reduction in surrounding Pan-laminin staining (Fig 3c) . The 213 disorganization of the epithelium was further illuminated by K8/K14 214 immunostaining demonstrating aberrant localization of both luminal and basal cells 215 (Fig 3c) . 216
217
We next examined how the aberrant alveologenesis caused by Lama5 deficiency 218 affects the capability of mammary epithelium to undergo functional differentiation 219 during lactation, and analyzed mice exhibiting Lama5 deletion at postpartum day 220 2 (PP2) (Fig 3a) . Recapitulating the defects observed during pregnancy, Lama5-221 deficient alveoli were also significantly smaller during lactation, exhibiting 222 disorganized tissue architecture with luminal cell aggregates and reduced Pan-223 laminin immunostaining (Fig 3d-f) . Importantly, the Lama5-deficient glands 224 exhibited fewer lipid droplets than control alveoli (Fig 3e) , suggesting failed 225 functionalization. To further examine whether Lama5 is necessary for the 226 functional differentiation of the epithelial cells, we stained glands for the 227 phosphorylated form of STAT5a, which is increased in response to prolactin 228 signaling in early lactation (Liu et al. 1996) . Phospho-STAT5a staining was 229 significantly decreased in Lama5 deficient glands at PP2 (Fig 3g) , and accordingly, 230 expression of milk protein genes Csn3, B-cas and Wap was also significantly 231 reduced (Fig 3h) . Finally, as a functional readout of milk production we measured 232 the weight of pups of mothers lacking either one or two alleles of Lama5 over 14-233 day time period starting at day 2 and compared to pups nursed by control mothers. 234
Demonstrating the defective mammary gland function, pups nursed by mothers 235 with biallelic luminal Lama5 deletion gained weight significantly slower than other 236 groups (Fig 3i) . Lama5-containing laminins in the mammary epithelial microenvironment affects 252 luminal and basal epithelial cell properties at the molecular level. To mimic the 253 effects of major laminin components of the mammary BM, we coated culture plates 254 with recombinantly produced laminins LM-111 and LM-521 containing the laminin 255 a1 and a5 subunits respectively, and cultured freshly isolated CD29 low /CD24 + 256 luminal or CD29 hi /CD24 + basal mouse mammary epithelial cells on these laminins 257 (MMECs; Fig S3a-b, Fig 4a) . We observed that luminal and basal MMECs grown 258 on LM-111 had typical morphology -cuboidal for luminal, and more elongated for 259 basal epithelial cells (Fig 4b) . Interestingly, both cell types exhibited flat and spread 260 morphology on LM-521 (Fig 4b) suggesting that the LM-521 provides a particularly 261 adhesive substratum for mammary epithelium. We confirmed these results with a 262 human basal mammary epithelial cell line (HMEC-FL2), and observed that cells 263 grown on LM-111 had a typical basal epithelial morphology whereas cells on LM-264 521 were extensively flat (Fig 4c) . Scanning electron microscopy of the HMEC-265
FL2s on LM-111 and LM-521 adhered cultures corroborated these findings (Fig  266   4c) . compared to cells from uncoated plates (Fig S3c) . In contrast, LM-521 adhesion 272 induced expression changes in 944 genes. Hallmark gene sets related to 273 metabolism and MTORC1 signaling were enriched on LM-521 (Fig S3d, p<0. 
05) 274
and gene sets related to e.g. Myc targets and the G2M checkpoint were 275 downregulated, as shown by Gene Set Enrichment analysis (GSEA) 276 (Subramanian et al. 2005 ). This was surprising, as we did not observe significant 277 changes in cell proliferation on any of the laminins (Fig S3e-f) . Interestingly, (Fig 4d) . The increased expression of luminal markers in LM-521 282 grown basal HMECs was validated with qRT-PCR (Fig 4e) . Intriguingly, adhesion 283 to LM-521 enhanced K8 expression also in FACS-sorted luminal MMECs, and 284 while LM-521 was not sufficient to induce K8 expression in primary basal MMECs, 285 it resulted in significant decrease in basal marker Keratin 14 (K14) (Fig 4e) Mammosphere assay allows quantitative assessment of progenitor cell 295 clonogenicity of the mammary epithelium (Shaw et al. 2012 ) in vitro. As expected, 296 preadhesion of basal MECs to LM-111 increased mammosphere formation, but in 297 striking contrast, preadhesion to LM-521 decreased mammosphere formation 298 significantly (Fig 4f) . As a control, luminal cells formed non-spheroidal aggregates 299 at a constant frequency irrespective of preadhesion (Fig 4f) . Similar results were 300 obtained with unsorted MMECs and basal HMECs, where LM-111 resulted a minor 301 increase, while LM-521 significantly decreased mammosphere formation (Fig S3g-302 h). Finally, we performed a limiting-dilution mammary reconstitution assay to 303 explore the in vivo effects of laminin pretreatments on progenitor activity of basal 304 and 1000, 10000, or 50000 cells were transplanted per gland (Fig 4g) . Up to 307 100000 freshly isolated basal and luminal cells were directly transplanted as 308 controls. As expected, transplanting untreated basal cells resulted in outgrowths 309 with increasing frequency, while luminal cells yielded no outgrowths (Fig 4h) . In 310 agreement with our previous results, LM-111 preadhered basal cells formed 311 outgrowths more often than LM-521 preadhered basal cells (Fig 4h) , and 50000 312 LM521 preadhered cells were required to achieve an outgrowth efficiency 313 comparable to 1000 LM-111 preadhered cells. As expected, LM-111 or LM-521 314 preadhered luminal cells did not form outgrowths. (Fig 4h) . Consequently, 315 adhesion to specific laminin isoforms critically modulates gene expression and 316 function including tissue reconstitution capacity of basal MECs. 
Lama5
fl/fl and control mice and observed that Wnt4 expression was indeed 335 significantly decreased in Lama5 deficient luminal epithelial cells (Fig 5a) . Lama5 or a non-targeting control sequence (Fig S4a) . Lama5 editing resulted in 344 significant reduction in organoid branch formation and elongation (Fig 5b-c) similar 345 to luminal Lama5 deficiency in vivo. Subsequently, we added either Wnt4 or R-346 Spondin 1 separately, or in combination, into the FGF-2 induced 3D cultures. We 347 observed that addition of either of these ligands increased branches in wild-type 348 MMEC 3D organoids (Fig 5d) , yet no increase in the overall branching frequency 349 was observed (Fig 5e) . However, in Lama5-deficient organoids there was a clear 350 decreased the amounts of branching organoids, yet it did not completely inhibit 362 branch formation (Fig S4b) . 363 364 Finally, to evaluate whether exogenous Wnt ligands restore the cell-type 365 interaction dependent branching morphogenesis program in Lama5-deficient 366 organoids, instead of e.g. activating basal cell proliferation, we immunostained 367 control and Lama5-deficient, Wnt-treated organoids with K14 (Fig 5f) . We 368 observed, that even though Lama5-lacking organoids exhibited both K14+ and 369 K14-cells, cell types were poorly organized and formed no branches. Strikingly, 370 upon Wnt4 treatment the Lama5-lacking organoids formed elongated branches 371 that were covered by K14-positive basal cells similarly to control organoids (Fig  372   5f ). Furthermore, in line with our findings in vivo (Fig 2,3) , Lama5-deficient 373 organoids were not defective in proliferation, but Wnt4 normalized the pattern of 374 proliferation in Lama5-lacking organoids as observed with immunostaining for Ki-375
(Fig S4e). These data indicate that Wnt4 reinstates the morphogenic branching 376
program by facilitating the interplay between basal and luminal epithelial cells in 377 the Lama5-lacking epithelium. 378
379
In conclusion, we show that adhesion to LMa5 produced by the luminal epithelial 380 cells is instructive for luminal lineage gene expression and necessary for 381 differentiation of HR+ cells, which can guide the remodeling of the whole mammary 382 epithelium via Wnt4 secretion (Fig 5g) . 
Wholemount stainings 518
Mammary gland tissue samples for wholemount staining were fixed in 4 % PFA 519 overnight. For wholemount staining, #4 inguinal mammary glands were stained for 520 several hours in carmine-alumn staining solution (2% w/v Carmine, Sigma; 5 % 521 w/v Aluminium Potassium Sulfate, Sigma). After the desired color had developed, 522 glands were mounted to glass coverslips and imaged. The fat pad reconstitution assay was performed as described previously (Welm et 715 al. 2008 ). MMECs for reconstitution were isolated from 10-16 week-old wild type 716 C57BL6/RccHsd donor mice as described above. 3-week-old female 717 C57BL6/RccHsd mice were anesthetized using 2-2,5% Isoflurane (Baxter) and the 718 anterior part of #4 mammary gland, lymph node and bridge to #5 gland were 719 surgically removed. To the remaining fat pad were injected indicated amount of 720
MMECs (1*10^3-10^5) in 10 µl volume using Hamilton syringe. The wound was 721 
